The data on the role of consanguinity in male infertility are scarce. The presence of systematic sperm defects in consanguineous respect to non-consanguineous population was demonstrated. Systematic defects are characterized by a specific alteration present in sperm for the whole life of the carrier.
INTRODUCTION
Male infertility is a significant problem in humans and it may be caused by different pathologies, such as anatomical problems, infections, hormonal imbalances, chromosomal alterations or gene anomalies, although the cause of infertility remains unknown for 30% of infertile men [1] . In the last decades particular attention has been directed to the study of genetic of male infertility and a starting point was represented by the observation that human male oligoasthenozoospemia has a familial component [2] . A key indication on the genetic origin of some manifestations of male infertility was provided by a study focused on the analysis of sperm morphology in a large group of infertile patients characterized by different degrees of consanguinity [3] .
This research was based on transmission electron microscopy (TEM) observations that allowed the exploration of the "ultrastructure world" and the study of the different organelles rigorously characterizing sperm abnormalities. TEM approach is able to define two main forms of ultrastructural sperm anomalies: non-systematic or non-specific sperm de *Address correspondence to this author at the Department of Molecular and Developmental Medicine, University of Siena; Policlinico Le Scotte, Viale Bracci 14, 53100 Siena, Italy; Tel: 0577/233504; Fax: 0577/233527; E-mail: giulia.collodel@unisi.it fects and systematic sperm defects [3, 4] . The first and the most frequent type includes a heterogeneous combination of alterations randomly affecting the head and the tail organelles in different percentages, generally related to andrological pathologies (i.e. infections and varicocele) or to other endogenous or exogenous factors [4] [5] [6] [7] . Systematic sperm defects are rare and are characterized by a very homogeneous microscopic pattern with a peculiar defect present in the vast majority of the sperm population of affected patients. These defects show family clustering and are significantly more common in individuals with a history of consanguinity; the most frequent systematic sperm defects are: "globozoospermia" or round head acrosome-less spermatozoa [8] , "defects of head neck attachment" and "acephalic sperm" [4] , "dysplasia of fibrous sheath" (DFS) [9] and "primary ciliary dyskinesia" (PCD) [10, 11] .
Baccetti et al. [3] demonstrated that such systematic sperm defects were present in 27% of consanguineous infertile males and 1% of non-consanguineous infertile patients. The characteristics and the familial incidence of these kinds of sperm defects were then reviewed by Chemes and Rawe [4] ; in addition, sperm tail agenesis in patients with second degree cousin parents has been described using TEM [12] .
Regarding the sperm quality of consanguineous infertile males without systematic sperm defects, the data is rather scarce: to the best of our knowledge, only one paper described that the progressive sperm motility in a group of consanguineous males is significantly reduced respect to sperm motility from a group of non-consanguineous patients [3] .
This study was aimed at exploring the sperm quality in a group of selected consanguineous infertile patients, focusing in particular on non-systematic sperm defects.
Sperm analysis was performed by TEM and the results were quantified by a mathematical formula based on probability calculation in force in our laboratory for many years. This method provides a score, as a fertility index represented by the number of sperm free of ultrastructural defects in an ejaculate and the percentage of sperm pathologies such as apoptosis, immaturity and necrosis [13, 14] .
In addition, fluorescence in situ hybridization (FISH) analysis for chromosome 18, X and Y has been performed in sperm nuclei for a direct evaluation of aneuploidies in male gametes.
MATERIALS AND METHODOLOGY

Patients
Among 750 male patients addressed at the Interdepartmental Centre for Research and Therapy of Male Infertility, University of Siena, between 2002 and 2013, 27 individuals (aged 30-46 years) declared a history of consanguinity when they were interviewed about their case histories, reproductive problems and family backgrounds. All patients included in this study were born and lived in Italy. The inclusion criteria for this study encompassed: a normal 46, XY karyotype evaluated by conventional cytogenetic analysis, no history of diabetes, radiotherapy, chemotherapy, chronic illness or medications, a hormone (FSH, LH, T) profile in the ranges, a BMI < 25 kg/m 2 . Patients were non smokers. In addition, microbiological investigations of semen specimens and urethral fluids were performed in order to exclude the presence of genitourinary infections. Finally, clinical and physical examinations and scrotal Eco-color Doppler were carried out in all patients in order to investigate the presence of varicocele or other anatomical problems.
In the group of non-consanguineous infertile patients, ten age-matched non-consanguineous idiopathic infertile patients were selected. All infertile patients were individuals that did not obtain pregnancy after two years of unprotected sexual intercourses and satisfy the same inclusion criteria of the consanguineous group. In addition, a group of 25 men with proven fertility [14] were also included for variables comparisons. Fertile men (aged 22 to 40 years) showed a normal karyotype and they were not affected by anatomical problems and infections. These fertile men had fathered one or more children during past three years.
All patients provided informed written consent before inclusion in this study.
Semen Analysis
Semen was collected by masturbation after 4 days of sexual abstinence and examined after liquefaction for 30 min at 37 °C. Volume, pH, sperm concentration and motility were evaluated according to WHO [15, 16] guidelines. In patients with a sperm concentration of less than 10 million/ml, PCR analysis on DNA extracted from blood lymphocytes (QIAamp DNA Blood kit, QIAGEN, Milan, Italy) was carried out to exclude the presence of Y chromosome microdeletions Multiplex PCR was performed using the STS markers from the AZF region of the long arm of the Y chromosome. The STS markers included sY84 and sY86 for AZFa, sY127and sY134 for AZFb, and sY158 and sY254 for AZFc [17] . A normal male, a normal female and no template controls were included as internal controls.
Transmission Electron Microscopy
For electron microscopy, sperm samples were fixed in cold Karnovsky fixative and maintained at 4 °C for two hours. Fixed semen was washed in 0.1 mol/l cacodylate buffer (pH 7.2) for 12 hours, postfixed in 1% buffered osmium tetroxide for one hour at 4 °C, then dehydrated and embedded in Epon Araldite. Ultra-thin sections were cut with a Supernova ultramicrotome (Reickert Jung, Vienna, Austria), mounted on copper grids, stained with uranyl acetate and lead citrate and then observed and photographed with a Philips EM208 electron microscope (Philips Scientifics, Eindhoven, The Netherlands).
For each patient, three hundred ultra-thin sperm sections were analyzed. Major submicroscopic characteristics were recorded by two trained examiners who were blind to the experiment. TEM data was evaluated using the statistical mathematical formula by Baccetti et al. [13] . This formula considers 16 selected submicroscopic characteristics of sperm organelles able to define sperm function and calculates the number of spermatozoa probably free of structural defects (fertility index, FI) and the percentages of three main phenotypic sperm pathologies: immaturity, necrosis and apoptosis [14] , each one characterized by typical alterations of organelles. Reduced acrosomes, round or elliptical nuclei with uncondensed chromatin, and the presence of cytoplasmic droplets were the examined characteristics for immaturity. Marginated chromatin and altered shaped nuclei were considered a main ultrastructural markers of apoptosis, whereas spermatozoa with broken plasma membranes, reacted acrosomes, and disrupted chromatin are affected by necrosis.
Fluorescence in Situ Hybridization
To evaluate aneuploidy frequency, FISH was performed according to Baccetti et al. [18] in the sperm nuclei of all the patients. A combination of -satellite DNA probes (CEP, Chromosome Enumeration Probes, Vysis, IL, USA) for chromosomes 18, X, and Y, directly labeled with different fluorochromes, was used. Observation and scoring were performed using a Leitz Aristoplan Optical Microscope (Leica, Wetzlar, Germany), equipped with a fluorescence apparatus with a triple bandpass filter for aqua, orange and green fluorochromes (Vysis), and a monochrome filter for DAPI (4 ,6-diamidino-2-phenylindole). Whenever possible, nearly 5,000 sperm nuclei were scored for each sample.
Statistical Analysis
Statistical analysis was performed using the version 8 SAS system (Sas Institute Inc. Cary, NC 27513, USA). The comparisons between the considered variables related to the groups of consanguineous patients, infertile patients and controls were performed by Kruskal-Wallis test; when a statistically significant difference was found among the groups, the Mann-Whitney U-test was then used between pairs of groups. P < 0.05 was considered significant.
RESULTS
In the studied period, the semen analysis of 750 male patients was carried out in our laboratory. Twenty seven males (3.6%) were consanguineous. Among 27 individuals with a history of consanguinity we selected a group of 11 patients with idiopathic infertility. Six patients were excluded for the presence of varicocele and/or genitourinary infection and/or hormonal imbalance, one patient was azoospermic, one man was carrier of a translocation [46, XY t(13;14)] and 8 patients (29.6%) showed a systematic sperm defect (4 men showed sperm with DFS, 1 man had round headed sperm, 1 patient showed Kartagener syndrome, 2 other subjects displayed composed defects of supposed genetic origin [19, 20] . Selected patients showed different degrees of consanguinity (the parents of six patients were first degree cousins; parents of one patient were second degree cousins; grand-parents of two subjects were first degree cousins; two infertile patients had brothers with systematic sperm defects). In the group of non-consanguineous patients (723 individuals) 7 patients (around 1%) showed a systematic sperm defect.
The age range, the mean ± standard deviation of age, BMI and hormone levels in the studied groups were reported ( Table 1) . The semen quality of selected group of consanguineous infertile patients (group 3) was compared with those of a group of non-consanguineous infertile patients (group 2) and with a group of subjects with proven fertility (group 1); the results of the comparison are reported in Table 2 . Sperm concentration was normal [15, 16] in all analysed groups even if significantly reduced in group 3 respect to group 1 (p < 0.05) ( Table 2 ). The progressive motility was significantly reduced in both groups of infertile patients compared to the values of fertile individuals (group 1 vs. group 2, p < 0.05; group 1 vs. group 3, p < 0.01); in addition, sperm motility of consanguineous patients was significantly decreased (p < 0.01) respect to that of non-consanguineous infertile males.
Regarding TEM scores, FI was significantly reduced in group 3 (p < 0.01) compared to that observed in group 1 and group 2 and in group 2 vs. group 1 (p < 0.01) ( Table 2 ).
The percentages of sperm apoptosis, necrosis and immaturity were, as expected, significantly higher in both groups of infertile patients respect to controls ( Table 2 ); in addition, the sperm pathologies were significantly more frequent in consanguineous infertile patients then in sperm from nonconsanguineous infertile patients, excepted for necrosis.
FISH analysis was performed in sperm nuclei of 11 consanguineous infertile patients (group 3) and 10 nonconsanguineous infertile patients (group 2). A total number of 193,062 sperm nuclei was scored in group 3 and a total number of 171,547 in group 2. The mean frequencies of aneuploidy of chromosomes 18, X, Y are summarised in Table 2 . The frequency of diploidy was significantly higher (p < 0.01) in groups 2 and 3 than in controls (group 1).
DISCUSSION
Consanguineous marriages are practiced in about one tenth of the world's population, and are thus more widespread than commonly perceived, although their overall distribution is not uniform [21] . In countries where inbreeding is common, a concomitant increase in the frequency of autosomal recessive disorders is generally observed by virtue of the biparental inheritance of the same ancestral haplotype on whom the recessive mutations reside. However, some novel aspects of consanguineous marriages are recently reported. In particular, Denic et al. [22] proposed that consanguineous marriages increase the speed of selection of beneficial recessive and co-dominant alleles, enhancing the fitness of a population under specific ecological conditions; for example, in countries where malaria is endemic, the prevalence of inbreeding and the frequency of alleles protective against malaria are both high.
Concerning the role of consanguinity in male infertility, the current data are quite scarce. The question that seems clearly established concerns the increased presence of systematic sperm defects in consanguineous respect to non consanguineous population [3, 4, 20, 23] ; systematic defects are quite rare and are characterized by an identical, specific alteration of sperm cells. The patients carrier of systematic defects are sterile because these alterations are untreatable and are present in the ejaculates for their entire life. The results obtained in this study, pertaining to systematic sperm defects, confirm the data reported in the literature.
In the present research, we particularly focused on the sperm quality of a group of selected patients with various degrees of consanguinity who did not show the systematic sperm defects, but a heterogeneous combination of alterations randomly affecting in different percentage the sperm head and the tail organelles; the considered variables were compared with those of a group of idiopathic patients free of biological relationship and with those of a group of proven fertility individuals. As expected, the sperm quality of fertile individuals was enhanced compared to that of both the infertile groups. The percentage of sperm motility was significantly lower in the group of consanguineous patients compared to that evaluated in group of non-consanguineous infertile subjects, as also reported by Baccetti et al. [3] . The data concerning the scores provided by TEM analysis mathematically elaborated are novel. TEM scores were, as expected, decreased in both groups of infertile men, respect to those observed in the control. The fertility index was reduced and the percentages of sperm pathologies, namely apoptosis and immaturity were significantly increased in sperm of consanguineous infertile patients compared to those of non-consanguineous infertile patients.
The consanguinity in the familial history of analyzed patients led us to suppose that genetic alterations could be responsible of the reduced semen quality in the group of infertile consanguineous patients in respect to that of infertile non consanguineous patients.
The sperm analysis of the considered groups was integrated with FISH analysis that is a useful technique for estimating aneuploidy frequencies directly in interphase cells, such as spermatozoa [24] . The option to apply FISH analysis to the sperm of these individuals originated from the observation that this technology, coupled with TEM analysis, provided a satisfying characterization of sperm anomalies [25] [26] [27] from a morphological and meiotic point of view. Elevated FISH values in sperm were reported in men with altered sperm ultrastructure [28] [29] [30] . In this particular study, we found an increase in the frequency of sperm diploidy and sex disomy in the groups of infertile consanguineous and non-consanguineous patients compared to that found in fertile men, but only the percentage of diploidy was significantly increased in both groups of infertile patients. Diploidy of sperm cells could be generated by binucleate sperm head or by diploid nuclei with the presence of double sets of 18, X, Y chromosomes [31] . Since ejaculated sperm in both infertile groups was morphologically compromised and showed high percentage of sperm immaturity, it is plausible that the increased diploidy could be due to sperm with double nuclei. A similar meiotic behavior in the consanguineous and non-consanguineous infertile patients may suggest that consanguinity does not seem to impair meiotic segregation of chromosomes.
CONCLUSION
Consanguinity may adversely affect the spermatogenetic process, in particular by causing a reduction of motility and FI, which is concomitant with an increased sperm apoptosis and immaturity. We are aware that the patient group is small and further studies on a larger sample will help to better understand the role of consanguinity in male infertility; however, it should be considered that our patients were enrolled after following stringent selection criteria to exclude the presence of other pathologies involved in male infertility.
